The metabolism of branched-chain amino acids, branched-chain acyl derivatives, D-glucose, L-glutamate, and Mueller-Hinton medium was investigated to determine their effects on the growth, lipid composition, and antibiotic susceptibility of Pseudomonas aeruginosa. The unsaturated fatty acid content of the readily extractable lipids was altered by growth on selected branched-chain amino acids and their acyl derivatives. Bacteria grown on branched-chain acyl derivatives became more susceptible to polymyxin B and colistin. The effect acyl derivatives had on increasing susceptibility was also manifest in mixed media which contained both an acyl derivative and a carbon source which did not increase susceptibility. Growth on branched-chain amino acids gave mixed results which were dependent on a number of factors, including unique manifestations of individual amino acids, growth conditions, and availability of other carbon sources. The cultural conditions which altered susceptibility to polymyxin antibiotics did not correlate with similar effects on susceptibility to carbenicillin and gentamicin. An adaptive resistance to polymyxin B was observed when the sole carbon source was D-glucose or L-glutamate.
The recognition of Pseudomonas aeruginosa as a major opportunistic pathogen in compromised patients has given increased relevance to studying its renowned lack of susceptibility to antibiotics. The pseudomonads differ from most bacteria in that antibiotic-inactivating enzymes are not the primary mechanism of resistance. There is substantial evidence that pseudomonads are refractory to most chemotherapeutic regimens by excluding the antimicrobial agents from the target site (4) . This intrinsic lack of susceptibility presents a formidable therapeutic problem because the antibiotic must first circumvent a sophisticated exclusion mechanism before reaching its site of action. Although pseudomonads may acquire antibiotic resistance from other species at a low frequency (15) , the occurrence of resistant strains which lack antibiotic-inactivating enzymes indicates that exclusion is the primary mechanism of resistance (4) . The polymyxins are one of the few groups of antibiotics that can be used successfully against pseudomonal infections. This success is attributed to its detergent-like mechanism of action which attacks the protective envelope directly (16) . It is then logical that changes in envelope components such as phospholipids which interact with polymyxins would elicit changes in susceptibility to polymyxin antibiotics.
A number of workers have demonstrated that microbial lipids may be altered by the carbon sources provided to the microbe (7, 16) . These differences in cellular components no doubt contribute to differences in antibiotic susceptibility among different species and strains. Pseudomonads possess extraordinary nutritional capabilities which enable them to catabolize a diverse array of organic compounds, such as the branched-chain amino acids and their resultant catabolites (14) . This metabolic prowess facilitates studying the effects of many carbon sources not metabolized by species lacking this physiological versatility. If these metabolic conditions can cause alterations in the lipid composition of the protective envelope of P. aeruginosa, we thought it reasonable that changes in antibiotic susceptibility may result.
The purpose of this study was to determine what effects growth on selected carbon source(s) would have on the susceptibility of P. aeruginosa to antibiotics commonly used in the treatment of pseudomonal infections. This report describes a series of experiments in which branched-chain amino acids and their acyl derivatives were used as carbon sources to determine their effects on growth, lipid composition, and antibiotic susceptibility in P. aeruginosa.
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CONRAD, WULF, AND CLAY from the Center for Disease Control, Atlanta, Ga. P. aeruginosa 015, a clinical isolate furnished by University Hospital, Oklahoma City, Okla., was susceptible to these same antibiotics. Stock cultures were maintained on Mueller-Hinton slants and transferred every 3 weeks.
Growth conditions. Mueller-Hinton agar medium (Difco Laboratories; lot 645524) and Mueller-Hinton broth (Difco; lot 6483831) were used as controls throughout this study. All references to resistance and susceptibility were made relative to values obtained with Mueller-Hinton medium. Jacobson medium was used as the base medium when individual carbon sources were used to determine their effects on susceptibility (10) . This was a defined medium in which the final concentrations of trace elements and nitrogen source (NH4Cl) were not growth limiting. Final pH was 6.8 to 7.0. Carbon source concentration in defined medium was 25 mM with the exception of isoleucineleucine-valine (ILV) and DL-2-methylbutyrate-isovalerate-isobutyrate (MII) media, in which each respective component was 10 mM. Solid medium was prepared from the defined medium by the addition of 0.15% agar (Difco).
Doubling times for individual carbon sources were calculated from 50-ml samples grown in 250-ml side arm flasks. Doubling times for mixtures of carbon sources were determined from 40-ml samples grown in 250-ml side arm flasks. Controls for the mixed medium contained 40 ml of either D-glucose or Mueller-Hinton medium. Test flasks contained 20 ml of the control medium plus 20 ml of supplemental carbon medium. Inoculum was 1 ml of an overnight culture grown in control medium. Optical density for all experiments was read at 660 nm with a Bausch and Lomb Spectronic 20 spectrophotometer. Aeration was provided by vigorous shaking in a Lab-Line Environ-Shaker 3597-2 shaker. All growth was accomplished at 37°C.
Lipid analyses of cells grown on different carbon sources. Approximately 3 g (wet weight) of P. aeruginosa 015 cells grown on either L-vahne, L-isoleucine, DL-2-methylbutyrate, or Mueller-Hinton medium were used in each extraction. Growth was monitored spectrophotometrically and allowed to reach early stationary phase. Cells were harvested by centrifugation and washed twice in 50 mM phosphate buffer, pH 7.5. Readily extractable lipids were extracted and washed by the method of Folch et al. (9) . The extracted lipids were transmethylated with boron trifluoride methanol reagent (Applied Science Laboratories) by the procedure of Morrison and Smith (13) . The fatty acid methyl esters were extracted by hexane and separated from the nonesterified fatty acids by using thin-layer chromatography. The methylated fatty acids were then dissolved and stored in cyclohexane. Identification of fatty acids was accomplished with a Hewlett-Packard 5840A gas chromatograph equipped with a flame ionization detector. The glass column (6 feet [ca. 183 cm] by 4 mm) was packed with 10% SP-2330 on 100/120 Chromosorb. The temperatures of the injection port and detector were 200 and 225°C, respectively. The column temperature was programmed to run for 4 min at 100°C, followed by a 10°C increase per min to a final temperature of 2000C.
The flow rate of the nitrogen carrier gas was 40 ml/min. Bacterial fatty acids were identified by comparing peak retention times with fatty acid standards.
Disk diffusion susceptibilities. Disk diffusion susceptibility tests were performed by a modification of the method of Bauer et al. (2) . Overnight cultures in Mueller-Hinton broth were transferred to fresh medium (1 ml/100 ml). Growth was followed spectrophotometrically to mid-exponential growth phase at which time the cultures were diluted in physiological saline to an optical density of 0.10. Bacterial lawns were prepared by spreading 0.1-ml samples with a glass rod. Analysis with a Coulter Channelyzer indicated that the inoculum contained 7 (17) . Antibiotics were dissolved in double-distilled water at a concentration of 1 mg/ml. All solutions were filter-sterilized through membrane filters (0.45 M; Millipore Corp.) and frozen until used. Each antibiotic was serially diluted in growth medium for a final volume of 0.5 ml/tube. Overnight cultures of the test strain were transferred to fresh Mueller-Hinton broth (1 ml/100 ml of fresh medium). Growth was monitored to midexponential growth phase (optical density, 0.70 to 0.90). Inoculum for the MIC determinations was prepared by diluting these fresh cultures to an optical density of 0.05 in the same medium in which the antibiotics had been diluted. The diluted antibiotic solutions were brought to a volume of 1.0 ml by the addition of 0.5 ml of this inoculum. The inoculum contained 1.6 x 107 cells as indicated by a Coulter Channelyzer.
This protocol was somewhat modified for those experiments which measured susceptibility to antibiotics with multiple carbon sources. The antibiotic was diluted in the growth medium as previously described. However, in these experiments the inoculum was prepared by diluting the freshly grown cultures in medium containing another carbon source (supplemental medium). Equal volumes of growth medium and supplemental medium (0.5 ml each) resulted in a final concentration of approximately 12 did the parent strain. This was true for both strains utilized in this study, which were tested by disk diffusion and broth dilution. This pattern of temporally dependent alterations in susceptibilities to antibiotics was also noted in strain 39229 with essentially the same observations. Growth in L-leucine medium enhanced susceptibility to colistin in both strains but had a diminished effect on susceptibility to polymyxin B. The MICs of polymyxin B for strain 015 were determined at concentrations of 10, 20, 30, and 40 mM DL-2-methylbutyrate and L-glutamate. The MIC with each carbon source was unchanged at the various concentrations. This consistency implied that medium constituents at these concentrations neither inactivated polymyxin B nor competed for cellular binding sites.
There was no apparent nutritionally dependent correlation between susceptibility to polymyxin B and colistin and susceptibility to carbenicillin. P. aeruginosa 39229 (carbenicillin resistant) remained resistant to carbenicillin at concentrations of greater than 500 Ig/ml regardless of carbon source. Carbenicillin MICs for P. aeruginosa 015 (carbenicillin sensitive) varied depending upon the carbon source but did not correlate with susceptibility to polymyxin B and colistin.
Effects of combined carbon sources on susceptibility to antibiotics. Pseudomonads grown on single carbon sources either increased or decreased their resistance to polymyxin B, depending on the carbon source. The ability of individual carbon sources to influence resistance was observed even when they were combined with carbon sources which exerted dissimilar effects ( Table 5 ). The addition of D-glucose, Lglutamate, and ILV medium to Mueller-Hinton medium increased the MIC of polymyxin B fourto ninefold compared with the MIC with Mueller-Hinton medium alone. These experiments also demonstrated that resistance could be modulated toward susceptibility with the proper combinations of growth media. L-Glutamateand D-glucose-grown cells were relatively resistant to polymyxin B when each was used as the sole carbon source (Tables 2 and 3 (Table 5 ). The addition of L-leucine and L-isoleucine had little effect in L-glutamate medium, although L-valine decreased the MIC of polymyxin B. This was in sharp contrast to the utilization of L-isoleucine and L-vahne as the sole carbon source, which increased the susceptibility of the cell to polymyxin B.
It was noted that the individual branchedchain amino acids had dissimilar effects on susceptibility to antibiotics depending on whether they were (i) the sole source of carbon, (ii) a supplemental carbon source, or (iii) a combination carbon source (e.g., ILV medium). This was not the case for the branched-chain acyl acids which increased cellular susceptibility to polymyxin B and colistin regardless of the experimental protocol.
Effects branched-chain amino (ILV medium) or acyl (MII medium) acids supported growth better than did any of these compounds used individually.
DISCUSSION
The metabolism of branched-chain amino acids and their acyl derivatives had profound effects upon P. aeruginosa susceptibility to polymyxin B and colistin. The metabolism of selected carbon sources also had marked effects on the quantitative and qualitative fatty acid composition of the readily extractable lipids found in P. aeruginosa (Table 1) . Cells grown on branched-chain amino acids as the sole carbon source did not have the same susceptibility to antibiotics as did cells grown on the acyl analogs. Growth on L-isoleucine and L-valine as the sole carbon source resulted in increased susceptibility to antibiotics. The addition of either L-isoleucine, L-leucine, or L-vahne medium to Mueller-Hinton and D-glucose media increased resistance to polymyxin B (Table 5) . Cells grown on combinations of branched-chain amino acids (ILV medium) were also more resistant to polymyxin B.
The metabolism of branched-chain acyl derivatives resulted in increased susceptibility to polymyxin B and colistin regardless of experimental protocol. The sensitizing effects of acyl derivatives was expressed even when they were incorporated into either D-glucose or L-glutamate medium. Either of these media increased resistance when used as the sole carbon source. The dissimilarities in the effects of branched-chain amino acids and their acyl derivatives indicate that the metabolism of the amino acid and/or its keto acid analog plays a pivotal role in determining susceptibility to polymyxin B and colistin. The catabolism of branched-chain amino acids proceeds via a common catabolic pathway in which the amino acids are deaminated to keto acids, followed by decarboxylation to the acyl derivatives (12) . The growth of bacteria on branched-chain amino acids as the sole carbon source would undoubtedly result in abnormally high intracellular concentrations of the respective amino and keto acids. These accumulations would not be found in cells grown on acyl derivatives because the oxidative decarboxylation to the acyl derivative is an irreversible metabolic reaction.
The mechanism of action of polymyxin B involves interaction between antibiotic and cellular phospholipids (15) . Therefore, alterations in cellular phospholipids should result in changes in susceptibility if the target site has been sufficiently modified. The growth conditions used in this study resulted in significant changes in chain lengths and degree of saturation. The addition or elimination of double bonds to longchain fatty acids results in significant stereochemical modifications to biological membranes. It is most likely not coincidental that alterations in cellular lipids are accompanied by changes in susceptibility to antibiotics. It should be noted that the carbon source exerting the greatest sensitizing effect (DL-2-methylbutyrate) also resulted in the greatest changes in fatty acid composition. Additional proof of the relationship between changes in lipids and susceptibility to polymyxin B was indicated by the fact that the carbon source did not significantly alter susceptibility to either gentamicin or carbenicillin. This incongruity would be consistent with the diverse mechanisms of action for the three classes of antibiotics represented here. This distinctiveness in susceptibility suggests that alteration in susceptibility to polymyxin is a separate phenomenon not necessarily related to metabolic vulnerability in peptidoglycan biosynthesis (carbenicillin) or protein synthesis (gentamicin).
It is not a novel idea that susceptibility to antibiotics is related to cellular lipid content. Anderess et al. noted differences in extractable lipids of pseudomonal strains both susceptible and resistant to quatarnary ammonium compounds and chloramphenicol (1). Similar observations have been made in the enterics with a variety of antibiotics (5) . It has been established that the lipid composition of gram-negative bacteria varies as a function of other parameters, such as temperature (8) , carbon source (6), presence of plasmids (11) , and cation concentrations (3).
Our results indicate that growth on the carbon sources used in this study resulted in quantitative and qualitative changes in readily extractable lipids of P. aeruginosa. We are presently in the process of further analyzing the effects of the nutritional environment on P. aeruginosa, with particular emphasis on the phospholipids of the readily extractable lipid fraction. 
